T HE ER␣ AND ER␤ ARE members of a large class of nuclear receptors that regulate the transcription of genes in response to binding small molecule ligands (1) (2) (3) . The regulatory roles of ER in disorders like breast cancer and osteoporosis make it an important therapeutic target (4) (5) (6) (7) (8) (9) . One of the signature features of the ER-targeting compounds is that they may have different stimulatory or repressive effects depending on the cellular context. For instance, the breast cancer drug tamoxifen is an antiestrogen in breast tissue but, in the uterus, it mimics the estrogenic activity of the physiological hormone, E2 (7, 10) . Other compounds, such as the osteoporosis drug raloxifene, show a different clinical profile (11) . Improved designer estrogens with higher selectivity for specific tissues would permit tissue-specific, estrogen-regulated disorders to be treated with minimal side effects (12, 13) .
The mechanisms by which E2 and the selective ER modulators (SERMs) show tissue-specific activities remain unresolved but are at least partially related to ligand-regulated alterations in ER structure and function. In both its unliganded and liganded state, the ER is part of larger complexes with other accessory proteins (14) . These accessory proteins, some of which are still unidentified, can stabilize ER structure and regulate transcription at different DNA effector sites (15) . Ligand binding causes a conformation change in the ER (16, 17) , which alters the affinities of the receptor for these accessory proteins (18, 19) . One possible mechanism for SERM activity is that different ligands recruit different sets of accessory proteins and thereby differentially regulate gene transcription (20) (21) (22) . Differential cofactor interactions, together with tissuedependent expression of ER␣, ER␤, and each cofactor, could explain tissue-selective SERM activity.
To elucidate, and ultimately predict, differential SERM action, it is therefore essential to measure the ligand-induced, direct interactions between the ER and different accessory proteins in the cellular environment (20) (21) (22) . Many coactivators that interact with the E2-activated ER contain one or more copies of a consensus sequence, LXXLL (L, leucine; X, any amino acid) (23, 24) . Structural studies have shown that an isolated LXXLL peptide will interact with a hydrophobic cleft that forms on one surface of the E2-bound ER (16) . This hydrophobic cleft constitutes the activation function AF-2, which is conserved amongst nuclear receptors and participates in ligand-regulated gene transcription (25) . Two-hybrid interaction assays have proved very useful for identifying and characterizing the ligand-regulated interactions of LXXLL-containing factors and peptides with ER expressed in cells (20) (21) (22) . However, two-hybrid assays measure only whether proteins interact, and not whether they interact with differing structural characteristics or affinities.
We applied a microscope-based assay using fluorescence energy resonance transfer (FRET) to measure in living cells the ability of a ligand to modulate LXXLL interactions with ER. FRET measures the proximity of two molecules as a consequence of the degree to which the fluorescence energy excited in a donor fluorophore, linked to one factor, is not emitted and instead is nonradiatively transferred to an acceptor fluorophore, linked to another factor (26) (27) (28) (29) (30) . We observed in the cellular environment that ER␣, fused to the red fluorescent protein (RFP) interacted directly with LXXLL peptides, fused to the cyan (CFP) or green (GFP) fluorescent proteins. These interactions were promoted by E2 but blocked by tamoxifen and another SERM, ICI 182,780, which confirmed prior studies in two-hybrid (21) and fluorescence colocalization (31) assays. Like E2, the synthetic ligands diethylstilbestrol (DES), ethyl indenestrol A (EIA), and 6,4Ј-dihydroxyflavone (DHF) promoted FRET between ER␣-RFP and two different LXXLL peptides fused to GFP. All these interactions were dependent upon the integrity of AF-2 within the ligand binding domain of ER␣. E2, DES, EIA, and DHF yielded similar levels of FRET for the interaction of ER with one LXXLL peptide. However, small, ligand-selective differences in the level of FRET were measured for interaction with the other LXXLL target sequence. This indicated that there were subtle, ligand-specific, and LXXLL-specific differences in the orientation or affinity of LXXLL interaction with ER. The accurate measurement of such nuances in the interactions of ER in the cellular environment will help distinguish the similarities and cell-type dependent differences in ligand-selective ER activities.
RESULTS

Fluorescent Protein-Tagged ER␣ and LXXLL for FRET Measurements
Isolated LXXLL sequences retain the ability to interact specifically with estrogen-bound ER (16, 21) . In our initial studies, the 19-amino acid-long LXXLL-containing sequence F6 (21) , previously shown to form a complex with ER␣ (21, 31) , was fused to the carboxy terminus of CFP. X-ray crystallographic structures of LXXLL bound to ER (16) predict that, if LXXLL binds directly to ER, the CFP fluorophore should project toward RFP fused to the carboxy terminus of ER␣. This positioning would be optimal for FRET from the CFP donor to the RFP acceptor.
The ER␣-RFP fusion was transcriptionally active (Fig. 1) . ER␣-RFP or control expression vectors were transfected into ER-deficient HepG2 cells together with either of two different, E2-sensitive promoters controlling the expression of a luciferase reporter. One promoter consisted of three copies of an estrogen response element linked to a minimal TATA box (32) . This reporter defines the "classical" activities of ER␣-RFP, in which estrogen response is mediated by direct ER interaction with a single DNA binding site in the promoter. The second promoter, from the complement 3 gene (C3), contains three suboptimal ER binding elements, which together allow ER to bind and regulate transcription in response to E2 (33) .
Two days after transfection, promoter activity was assessed by measuring the amount of luciferase expressed in extracts of cells grown in E2-deficient media or in parallel cells treated with 10 Ϫ6 M E2. Both the 3xERE (Fig. 1 , black bars) and C3 ( Fig. 1 , white bars) promoters were activated upon E2 addition. In contrast, tamoxifen and ICI 182,780 did not activate ER␣-RFP at either promoter, even though wild-type ER␣ weakly activated the C3 promoter in the presence of tamoxifen, but not ICI 182,780 (22, 33) . Thus, ER␣-RFP was defective in tamoxifen activation. Because the estrogenic activities of E2 were not disrupted by the fusion of RFP to the carboxy terminus of ER␣, ER␣-RFP remained viable for studying agonist activation via AF-2. 
Controls for the Accurate Measurement of FRET between CFP-LXXLL and ER␣-RFP
The measurement of FRET relies on the accurate quantification of the amount of fluorescence emitted by the donor and acceptor fluorophores upon donor excitation (29) . The donor CFP is excited optimally by blue light to emit light of energy in the blue-green (cyan) wavelength, whereas the RFP acceptor emits red light upon excitation by light of mid-visible wavelengths, including cyan. If the cyan fluorescent CFP is in close proximity to RFP (Ͻ100 Å apart), some of the fluorescence energy from CFP will be absorbed by, and excite, RFP. Thus, when excited by blue light, energy transfer from CFP to RFP would decrease the emission of cyan light and increase the emission of red light.
For controls, we first quantified the amount of fluorescence in cells that independently expressed ER␣-RFP or CFP-LXXLL. Expression vectors encoding ER␣-RFP or CFP-LXXLL were transfected into GHFT1-5 pituitary progenitor cells grown in estrogenfree media and plated onto microscope coverslips. GHFT1-5 cells contain endogenous ER␣, but promoter responses to E2 in GHFT1-5 cells are not significantly altered upon ER␣ overexpression (34, 35) . Because overexpression of ER␣ in GHFT1-5 cells does not reduce ER response as it does in many other cell types (36) , the actions of expressed ER measured in GHFT1-5 cells likely mimic those of endogenous receptors. GHFT1-5 cells also have a flat morphology, which facilitates data collection by fluorescence microscopy (31, 37) . The transfected cells were treated with E2, or other ligands as discussed later, or with the control vehicle (ethanol). After allowing 24 h for expression, the amounts of fluorescence emitted from the control cells separately expressing ER␣-RFP and CFP-LXXLL were measured in the cyan, red, and FRET channels by quantitative fluorescence microscopy. Digital images from cells expressing CFP-LXXLL were collected by specifically exciting CFP with light of wavelengths between 431 and 434 nm and collecting emissions between 455 and 480 nm ( Fig. 2A, cyan) . Digital images from the ER␣-RFP control cells were collected by 550-560 nm excitation and 580-630 nm emission (Fig. 2B, red) .
The excitation/emission parameters for CFP and RFP resulted in little bleedthrough fluorescence, respectively, in the control cells expressing ER␣-RFP and CFP-LXXLL ( 
Ligand-Regulated FRET between CFP-LXXLL and ER␣-RFP
As described previously (31) , expression of ER␣ caused the coexpressed LXXLL peptide to colocalize with the E2-bound ER␣, whereas the LXXLL peptide, by itself, distributed throughout the cell (Fig. 2 ). To determine if there was a hormone-regulated, direct interaction of LXXLL with colocalized ER␣, we measured FRET between coexpressed CFP-LXXLL and ER␣-RFP. The low level of CFP and RFP bleedthrough enabled us to selectively and accurately measure the amounts of CFP-LXXLL and ER␣-RFP coexpressed in the same cell. These values are then used to correct for the contributions of the known amounts of CFP and RFP to the FRET channel, as discussed below.
In cells coexpressing CFP-LXXLL and ER␣-RFP, FRET was detected, upon blue light excitation, as an increase in acceptor fluorescence transferred from the donor (FRET channel: 431-434 nm excitation/580-630 emission) relative to a decrease in donor fluorescence (cyan channel: 431-434/455-480). Therefore, FRET was measured as an increase in the ratio of FRET/cyan fluorescence from a cell expressing both CFP-LXXLL and ER␣-RFP relative to the FRET/cyan ratios emitted from independently expressed CFP-LXXLL and ER␣-RFP. In the control CFP-LXXLL-expressing cells, the amount of bleedthrough fluorescence into the FRET channel was 0.2455 Ϯ 0.0094 that emitted in cyan channel ( Fig. 2A) , which did not vary with the overall amount of CFP-LXXLL in the cell (Fig. 3A, Xs) . The bleedthrough of ER␣-RFP fluorescence to the FRET channel was 0.0288 Ϯ 0.0066 that emitted in the red channel (Fig. 2B) , which also did not vary with the amount of ER␣-RFP present in each cell (Fig. 3B, black boxes) .
To calculate the relevant FRET/cyan from donor ratio, we first calculated the amounts of CFP-LXXLL and ER␣-RFP present in the coexpressing cells. This was achieved by subtracting the minor contributions of CFP to the red channel (0.09% the value of cyan fluorescence using the matched control data in the prior section) and of RFP to the cyan channel (0.16% the value of the corrected red channel). We then subtracted the contribution of RFP to the FRET channel (2.88% the value of the corrected red channel). This remaining signal in the FRET channel contained the CFP bleedthrough to the FRET channel plus any sensitized emissions that resulted from the transfer of energy from CFP to RFP. If there was no FRET, the FRET/donor (remaining FRET/corrected cyan, hereafter FRET/cyan) ratio remained that of the donor CFP alone (0.2455). However, if there was transfer of energy from CFP to RFP, the amount of CFP fluorescence decreased and the amount of FRET increased, so that the FRET/cyan ratio increased.
The FRET/cyan ratio averaged from 32 E2-treated cells coexpressing CFP-LXXLL and ER␣-RFP increased to 0.5412 Ϯ 0.2018. Because cells with low amounts of CFP-LXXLL relative to ER␣-RFP have fewer CFP donors in close proximity to the RFP acceptor, the FRET/cyan ratio varied with the relative amounts of RFP and CFP fluorescence measured in each cell. To account for this variation, the FRET/cyan ratio was graphed against the relative amounts of bleedthrough-corrected cyan and red fluorescence for each E2-treated cell (Fig. 4, black boxes) . The slope of this graph was linear and consistent between experiments, indicating that the acceptor (RFP)-driven level of FRET within each cell was a constant. If the LXXLL peptide were not attached to CFP (Fig. 4 , gray triangles) or if CFP-LXXLL and ER␣-RFP coexpressing cells were treated with the antiestrogen ICI 182,780 instead of E2 (Fig. 4, white boxes) , the FRET/cyan ratio remained identical to the 0.2455 FRET/cyan ratio of CFP-LXXLL alone (Fig. 4 , Xs at acceptor/donor ϭ 0) regardless of the relative amounts of CFP-LXXLL and ER␣-RFP measured in the cell. This validated our calculations and demonstrated the accuracy with which we measure the energy transfer. Thus, we observed a ligand-regulated direct interaction of an LXXLL peptide with ER␣ in living cells.
Ligand-Regulated, AF-2-Dependent FRET between GFP-LXXLL and ER␣-RFP
To further validate our FRET measurements, we repeated the FRET studies of ER␣-RFP with the same F6 LXXLL peptide, but labeled with GFP instead of CFP. Control measurements similar to those described above for the CFP-LXXLL construct were conducted to determine the bleedthrough of GFP-LXXLL fluorescence into the red and FRET channels. These GFP-LXXLL bleedthrough constants, and bleedthrough constants determined from parallel ER␣-RFP control cells, were used to calculate the amount of ligand-regulated FRET in cells coexpressing GFP-LXXLL and ER␣-RFP. Coexpressing cells treated with tamoxifen showed a FRET/ donor (FRET/green) ratio of 0.0530 Ϯ 0.0043 (n ϭ 18) (Fig. 5A, white boxes) , that was not significantly different from the 0.0541 Ϯ 0.0039 ratio measured in the control cells expressing GFP-LXXLL alone (Fig. 5A, Xs) .
After treatment with E2, cells containing both ER␣-RFP and GFP-LXXLL showed a FRET to green ratio of 0.0971 Ϯ 0.0291 (n ϭ 44) that varied proportionally to the RFP/GFP ratio (Fig. 5A, black boxes) . This confirmed that E2 promotes an interaction between ER␣ and LXXLL in living cells, whereas tamoxifen does not. When E2-treated cells coexpressing ER␣-RFP and GFP not containing the 19-amino acid LXXLL peptide were analyzed, the FRET/GFP ratio remained at 0.0549 Ϯ 0.0098 (n ϭ 14). In addition, mutation of a single lysine in the hydrophobic cleft of ER␣ to alanine (K362A) abolished FRET of GFP-LXXLL with ER␣-RFP in E2-treated cells (Fig. 5A, white circles) as the FRET/ GFP ratio remained as 0.0557 Ϯ 0.0063 (n ϭ 27). This demonstrated that the cleft, which is essential for E2-dependent transcription via AF-2 (25) , is required for direct interaction of LXXLL with ER␣ in the physiological environment of the living cell.
In the presence of E2, the FRET/green ratio from coexpressed wild-type ER␣ and LXXLL increased with the RFP/GFP ratio in the cells (Fig. 5A) , confirming that bona fide FRET was detected. The slopes of these graphs, summarized in Table 1 as the range of slopes encompassing the 95% confidence intervals, emphasized that interaction of the F6 LXXLL peptide with ER␣ was promoted by E2 (slope ϭ 0.017 to 0.021), but not by the SERMs tamoxifen (slope ϭ Ϫ0.001 to 0.001) or ICI 182,780 (slope ϭ Ϫ0.002 to 0.000). Thus, FRET precisely measured a ligand-specific, AF-2-dependent direct interaction between ER␣ and an LXXLL peptide in living cells.
Ligand-Specific Interactions of Different LXXLL Peptides Binding to AF-2 in ER␣
FRET measurements are highly sensitive to distance between the fluorophores, and fall off to the sixth 
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Background-subtracted fluorescence from each nucleus was corrected for the bleedthrough values of red from CFP, cyan from RFP, and FRET from RFP (see Results). The remaining amount of fluorescence in the FRET channel isolates the contribution from the donor CFP to the FRET channel. It also contains emissions resulting from any energy transferred from CFP to RFP. Productive FRET also is accompanied by a decreased emission in the donor, cyan, channel. Thus, the FRET/cyan ratios from the isolated donor were calculated for each nucleus using the bleedthrough-subtracted values to determine the amount of energy transferred. These FRET/ cyan ratios were plotted against the amount of acceptor (red) relative to donor (cyan). When the cells are treated with E2 (black boxes), the FRET/cyan ratio increased linearly with the red/cyan ratio at a slope characteristic of the efficiency of energy transfer from CFP to RFP. In contrast, the FRET/cyan ratio was not different from CFP-LXXLL alone (Xs) if the cells were treated with the SERM ICI 182,780 (white boxes) or if the LXXLL peptide was removed from CFP (gray triangles).
Fig. 5. AF-2-Dependent Interaction of Two Different LXXLL Peptides with ER␣ in Living Cells
FRET/Donor ratios were calculated for ER␣-RFP interactions with two different LXXLL peptides (21, 31) attached to GFP: A, F6 (same as in Fig. 4) and B, D2. The FRET/donor ratio increased with the acceptor/donor ratio in cells treated with E2 (black boxes), but not tamoxifen (white boxes). Mutation of lysine 362 in the hydrophobic AF-2 cleft of ER␣ resulted in a loss of FRET (white circles) indicating that AF-2 was required for the direct interaction of LXXLL with ER␣-RFP measured by FRET in living cells. Similar measurements were made for both peptides for different SERMs (Table 1) .
power as the distance between them increases (28, 29) . The distance dependency of FRET would, in principal, allow the detection of small conformational differences between interacting molecules. We therefore measured the level of FRET between ER␣-RFP and another 19-amino acid-long, LXXLL-containing peptide, "D2" (21), fused to GFP. D2 contains sequences flanking the LXXLL motif that differ from those in the F6 peptide.
Control measurements established that the FRET/ GFP and RFP/GFP ratios for GFP-LXXLL-D2 alone were no different from those measured for GFP-LXXLL-F6 (not shown). When coexpressed with ER␣-RFP, GFP-LXXLL-D2, like GFP-LXXLL-F6, showed E2-and AF-2-dependent FRET that was not promoted by tamoxifen (Fig. 5B) . In the presence of saturating (10 Ϫ6 M) E2, the slopes of the FRET/GFP vs. RFP/GFP graphs (reported as 95% confidence intervals) were similar, but slightly different, for GFP-LXXLL-F6 (Table 1 , 0.017-0.021) and GFP-LXXLL-D2 (0.022-0.026). This suggested that the D2 and F6 peptides bound to the hydrophobic cleft of E2-bound ER␣ with marginal differences in orientation or with slightly different affinities.
Using FRET to Distinguish SERMRegulated Interactions
The ability of FRET to measure subtle differences in the direct interactions of the LXXLL motif and ER␣ in living cells could be used as a sensitive new assay for detecting specific activities of new SERMs in vivo. All ligands that trigger LXXLL motif binding to ER␣ are known to strongly activate transcription at promoters containing the classical ERE promoter element. Therefore, a compound that elicits a strong level of FRET between ER␣-RFP and GFP-LXXLL in this assay might also activate transcription of an ERE-driven gene in a reporter assay.
To test this hypothesis, we synthesized and tested two synthetic ligands of uncharacterized estrogenic or antiestrogenic activities that were reported previously to bind ER with high affinity (38) (39) (40) : ethyl indenestrol A and 6,4Ј-dihydroxyflavone (Fig. 6) . These compounds and a known ER agonist diethylstilbestrol were compared with E2 for their abilities to elicit FRET in cells coexpressing ER␣-RFP and GFP-LXXLL-F6 or GFP-LXXLL-D2. E2, DES, EIA, and DHF all were able to trigger significant levels of FRET between ER␣-RFP and both LXXLL peptides (Table 1 , slopes, italic). All of these ligand-regulated interactions were blocked upon mutation of lysine 362 in ER␣ to alanine (Table 1 , ER␣-RFP K362A), indicating that LXXLL was interacting directly with the hydrophobic pocket of ER␣ in each case.
For interaction of ER␣-RFP with GFP-LXXLL-F6, the levels of FRET activated by E2, DES, EIA, and DHF were not statistically different (P Ͼ 0.05) ( Table 1 , GFP-LXXLL-F6 slopes). Similarly, the levels of FRET determined for GFP-LXXLL-D2 interaction with ER␣-RFP in the presence of DES and EIA were not significantly different than those observed with GFP-LXXLL-F6 (Table  1 ). In contrast, DHF activated a significantly greater level of FRET with the D2 LXXLL peptide than with the F6 LXXLL peptide (Table 1, boldface) . Thus, all compounds promoted the direct interactions of two different LXXLL peptides with ER␣ in the cellular environment, but precise FRET measurements allowed subtle variations in those interactions to be observed.
The similar levels of FRET with the F6 peptide suggested that the ER-binding compounds EIA and DHF both caused ER␣ to adopt a conformation that permitted LXXLL-F6 to bind into the hydrophobic AF-2 cleft in the same orientation as occurs when E2 or DES binds to ER␣. Because reporter gene assays show that DES and E2 activate transcription from a classical ERE in an AF-2-dependent fashion, the similar AF-2/ LXXLL-F6 interactions adopted by the EIA and DHFbound ERs suggested that these compounds might activate transcription at an ERE site. Reporter gene assays were performed in HeLa cells using transiently transfected wild-type ER␣ and a luciferase gene driven by the classical ERE from the vitellogenin promoter (Fig. 7) . The promoter was activated upon expression of unliganded ER␣. This activation was blocked by the SERM raloxifene, which acts as an antiestrogen for AF-2-dependent transcription (41) . Incubation with 10 Ϫ5 M EIA and 10 Ϫ5 M DHF both activated transcription from an ERE site as effectively as 10 Ϫ5 M E2. Thus, the ability of two different LXXLL peptides to productively interact with ER␣ AF-2 in living cells was associated with agonist activity of four separate ligands, each with a distinct chemical structure.
DISCUSSION
The ligand-regulated interactions of a receptor with its cofactors are fundamental to nuclear receptor action (3, 15, 42-44 ). These interactions are commonly detected with in vitro column-binding assays that rely on the interactions of purified proteins in artificial buffers. Alternatively, two-hybrid assays detect an ill-defined cellular association between two proteins as the activation of a downstream reporter gene. As more is understood about the mechanisms underlying nuclear receptor activation, new challenges are arising to effectively and efficiently measure those interactions, particularly in living cells (31, (45) (46) (47) (48) (49) .
Only recently has FRET been used to measure protein-protein interactions in the environment of living eukaryotic cells (28, 49, 50) . FRET has been used to detect nuclear receptor interactions with cofactor fragments, labeled with spectral variants of GFP (49) . We show here that LXXLL peptides by themselves are sufficient to interact, in an agonist-regulated fashion, directly with ER␣ in the cellular environment (Table 1) . Moreover, these interactions are wholly dependent upon AF-2 in ER␣. A weak interaction of LXXLL with ER␣ was also detected in the absence of ligand. This The phenolic ring common to all compounds is oriented to the left. There are two different phenolic rings in ethyl indenestrol A and 6,4Ј-dihydroxyflavone, for which only one of the orientations is shown.
ligand-independent interaction was blocked by the same K362A mutation in AF-2 that abrogated agonistdependent FRET. Thus, in living cells, both the ligandindependent and agonist-dependent interactions of LXXLL with ER␣ are dependent upon AF-2.
Our approach allowed us to precisely quantify the level of FRET between the interacting factors. Because the amount of FRET falls very rapidly, to the sixth power, with the separation of the fluorophores (28) (29) (30) , differences in the relative spatial orientations of ER and LXXLL affect the amount of FRET measured in each complex. In our studies, the efficiency of FRET between ER␣ and a given LXXLL peptide was similar for each ligand. However, there were subtle differences, particularly with 6,4Ј-dihydroxyflavone for which the level of FRET was higher for ER␣ interaction with LXXLL-D2 than with LXXLL-F6. The slight variations in the levels of FRET indicate subtly different ligand-specific interactions. Different levels of FRET may suggest that the LXXLL peptide is bound to AF-2 in a different position such that the GFP and RFP fluorophores are different distances apart. Alternatively, the on-or off-rates for the interaction of LXXLL with ER␣ may be different, leading to quantitatively different levels of FRET. For instance, the higher level of LXXLL FRET with all liganded ERs than with the unliganded ER is consistent with prior observations that agonist binding dramatically stabilizes the LXXLL interaction with ER␣ (31, 51) .
The FRET studies described here, by themselves, showed the similarities and differences in LXXLL interactions with ER␣ bound by four different activating ligands and two different AF-2-blocking ligands. Other techniques may complement the FRET studies of ligand-selective nuclear receptor action. Determining the kinetics of fluorescence recovery after photobleaching fluorophore-linked nuclear receptors (46, 48) and cofactors (48) at isolated regions within the nucleus may help to determine if the ligand-selective changes in FRET efficiency arise from altered kinetics in the LXXLL interaction with ER␣. Measuring the recovery of FRET after selectively photobleaching the interacting cofactor would more precisely correlate fluorescence recovery with direct interactions with ER␣ in the cellular environment.
The benefits of drugs that regulate nuclear receptor activities in some tissues are often counteracted by unwanted receptor actions in other tissues. It is therefore important to identify compounds with desirable selective modulatory properties (12, 13, 20-22, 41, 52) . However, most current assays for interaction are insufficient to distinguish the tissue-selective actions of new compounds from previously existing SERMs (22, 41) . The precise measurement of ER/cofactor interactions afforded by FRET will allow the detection, in different cellular environments, of more subtle differences in the interactions of ER, or any other nuclear receptor, bound to different ligands. This will aid the development of clinically effective compounds that regulate specific interactions in specific cell types. Indeed, we found that FRET between ER and two LXXLL-containing peptides was useful in predicting the E2-mimicking activity of two previously untested ER-binding compounds, EIA and DHF. However, different levels of FRET for the LXXLL interactions with AF-2 suggest that these compounds possess somewhat distinct properties. This precise quantification of FRET between nuclear receptors and conformationspecific peptide probes developed by us (20) (21) (22) and others (53) will greatly contribute to a better mechanistic understanding of estrogen action and may be potentially useful for discovering SERMs with improved tissue-selective actions.
MATERIALS AND METHODS
Analysis of Estrogen-Regulated Promoter Activation
The 3xERE-TATA-Luc and C3-Luc estrogen-responsive promoters have been previously described (32, 33) . The carboxy terminus of human ER␣ was fused, in frame with an eightamino acid linker, to the amino terminus of RFP by inserting a PCR-generated ER␣ cDNA into the NheI and BamHI sites of pDsRed1-N1, an RFP expression vector (CLONTECH Laboratories, Inc., Palo Alto, CA). The ER␣-RFP expression vector was cotransfected with either the 3xERE-TATA-Luc or C3-Luc reporters into HepG2 cells and the transfected cells were treated with E2, tamoxifen, ICI 182,780 or ethanol control vehicle as previously described (21) . Cells were then lysed and the amount of luciferase activity in the extracts was measured as previously described (21) .
The synthesis, ER binding properties and transcriptional activation profiles of EIA and DHF will be reported elsewhere. Transfection conditions and assay protocols used for the testing of EIA and DHF with wild-type human ER␣ and the ERE reporter gene assay in HeLa cells (Fig. 7) were identical to those reported previously (41, 54). 
Cellular Imaging
GHFT1-5 cells were transfected with the ER␣-RFP expression vector and doxycycline-inducible GFP-LXXLL or CFP-LXXLL expression vectors as previously described (31) . Transfected cells were grown for 24 h in estrogen-free media containing 3-5 g/ml doxycycline. A total of 10 Ϫ6 M of each ligand was then added and the cells grown for a further 24 h before data collection. Quantitative fluorescence images were collected with a Hamamatsu ORCA cooled interline camera attached to an Olympus Corp. IX-70 microscope controlled by Universal Imaging Corp. (Downingtown, PA) Metamorph software. Filter combinations, described in the Results section, were obtained from Chroma Technology Corp. (Brattelboro, VT). Fluorescence quantification of marked nuclei and background was performed using Metamorph software. Background subtractions and bleedthrough corrections were applied using Microsoft Excel (Microsoft Corp., Redmond, WA).
FRET Analysis
FRET measurements can be accomplished using relatively affordable fluorescence microscopic equipment and image collection software. Control measurements of the cells separately expressing the donor or the acceptor fluorophore (Fig.  2) indicate the point at which the user's equipment no longer accurately quantifies the fluorescence ratios critical for FRET determination. Only cells containing donor and acceptor fluorescence amounts greater than those that are accurately measured are included for calculating FRET. Because the ratios measured are physical parameters of the fluorophores, FRET measurements are highly consistent between separate experiments provided that all parameters affecting the relative ratios of fluorescence quantification in the donor, acceptor and FRET channels are kept constant. This includes using the same 1) objective lens, 2) relative integration times for the different channels, 3) dichroic mirror, 4) excitation/emission filters, and 5) camera.
Average fluorescence ratios Ϯ SD were calculated from data collected on multiple days using Microsoft Excel. Ninety-five percent confidence intervals in the slopes and Yintercepts of the FRET/donor vs. acceptor/donor graphs were calculated using GraphPad Software, Inc. Prism software (San Diego, CA). Only data up to an acceptor/donor ratio of 4 were included in the calculation of the slopes for GFP-LXXLL FRET with ER␣-RFP. The linearity of the graphs tended to decrease beyond this point, as the amount of acceptor became more saturating. This acceptor/donor ratio of 4 should not be used by others as a defined parameter as it depends on the nature of the molecular interaction (our unpublished data) and the ability of the user's equipment used to quantify the specific acceptor and donor fluorescence.
